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Accelerated	synthesis	of	Sn-BEA	in	fluoride	media:	effect	of	H2O	
content	in	the	gel		
Alexander	V.	Yakimov	a,	Yury.	G.	Kolyagina,b,	Søren	Tolborgc,d,	Peter	N.	R.	Vennestrømc	and	Irina	I.	
Ivanovaa,b,*	
Tin-containing	zeotypes,	particularly	Sn-BEA,	are	promising	heterogeneous	catalysts	for	a	number	of	important	industrially	
relevant	reactions.	However,	the	direct	hydrothermal	synthesis	of	these	materials	requires	unfavourably	long	times,	which	
is	an	obstacle	for	their	industrial	application.	In	the	present	study	we	show	that	up	to	4-fold	reduction	of	the	crystallization	
time	 can	 be	 achieved	 by	 the	 decreasing	 of	 the	 H2O/SiO2	 ratio	 in	 the	 synthesis	 gel	 from	 7.5	 to	 5.6.	 The	 crystallization	
kinetics	has	been	studied	for	five	series	of	gels	containing	1.0	SiO2	:	0.27	TEA2O	:	x	SnO2	:	0.54	HF	:	y	H2O,	for	which	y	was	
fixed	to		5.6,	6.8	and	7.7	at	x	=	0.005	and	to	5.6	and	6.8	at	x	=	0.010.	The	crystallization	time	was	varied	within	0.5	–	60	
days.	 The	 intermediate	 and	 final	 products	 obtained	 were	 investigated	 using	 XRD,	 FTIR,	 XRF,	 SEM,	 UV-Vis,	 MAS	 NMR	
spectroscopy	and	nitrogen	adsorption-desorption	techniques.	The	products	obtained	with	lower	water	content	are	shown	
to	 have	 the	 same	 structure,	 textural	 properties	 and	 morphology	 as	 materials	 synthesized	 with	 higher	 water	 content.	
Although	the	size	of	the	crystals	is	found	to	decrease	with	water	content	in	the	gel,	it	does	not	affect	the	Sn	coordination	
and	environment	as	confirmed	by	119Sn	MAS	NMR.		
	
1.	Introduction	
Tin-containing	zeolites	and	zeotypes,	particularly	Sn-BEA,	have	
been	 demonstrated	 to	 be	 promising	 heterogeneous	 catalysts	
for	 many	 important	 industrially	 relevant	 reactions	 including	
the	 conversion	 of	 sugars	 into	 methyl	 lactate1,2,	 the	
isomerization	 of	 glucose	 into	 fructose3-5,	 Baeyer-Villiger	
oxidation	 reactions6	 and	 Meerwein-Ponndorf-Verley-
Oppenauer	 redox	 reactions7	 and	 ring-opening	 hydration	 of	
epoxides8.	In	general	there	are	a	large	number	of	examples	of	
the	widespread	applicability	of	 Sn-BEA	 zeolites	as	 catalysts	 in	
biomass-derived	processes9.	
The	outstanding	catalytic	properties	of	Sn-BEA	are	considered	
to	be	due	to	high	Lewis	acidity	attributed	to	isolated	Sn	atoms	
in	the	zeolite	lattice	and	hydrophobic	environment	associated	
with	 defect-free	 siliceous	 surface10,11.	 The	 latter	 feature	 is	 a	
consequence	of	the	fluoride	route	used	for	the	synthesis	of	Sn-
BEA	materials10.	 Fluoride	 ions	 facilitate	 the	 mineralization	 of	
silica	sources	and	compensate	the	positive	charges	associated	
with	organic	structure	directing	agents,	which	results	in	highly	
crystalline	materials	 with	 a	 low	 amount	 of	 structural	 defects	
compared	 to	 materials	 synthesized	 using	 hydroxide	 ions12.	
However,	the	application	of	fluoride	ions	is	accompanied	by	a	
number	 of	 drawbacks,	 including	 complicated	 handling	
measures	of	the	fluoride	source	e.g.	HF	and	formation	of	large	
zeolite	crystals.	Furthermore,	the	increase	of	Sn	content	in	the	
reaction	mixture,	required	for	the	creation	of	higher	amount	of	
Lewis	 sites	 results	 in	 long	 crystallization	 times1.	 Thus,	 in	 the	
case	of	 low	amounts	of	Sn	 (Si/Sn	=	400)	crystallization	occurs	
within	 4	 days,	 whereas	 the	 synthesis	 of	 Sn-BEA	 with	 Si/Sn	 =	
100	requires	up	to	60	days	of	synthesis1.		
To	 reduce	 the	 crystallization	 time	and	 the	 crystal	 size	 several	
approaches	 have	 been	 proposed.	 These	 include	 extensive	
seeding13-15,	 steam-assisted	 conversion13	 and	 post-synthesis	
modification8,16-21.	 Significant	 efforts	 have	 been	 made	 for	
shortening	 the	 crystallization	 time	 by	 seeded	 growth	
methods22-24.	 Although	 noticeable	 reduction	 of	 crystallization	
time	 was	 achieved,	 the	 induced	 nucleation	 severely	 affected	
the	crystal	morphology,	resulting	in	intergrown	zeolite	crystals	
forming	 large	agglomerates22,24,25.	An	 interesting	method	was	
proposed	 by	 Chang	 et	 al.23,	 who	 demonstrated	 that	 Sn-BEA	
can	 be	 synthesized	 in	 non-fluoride	 media	 via	 dry	 gel	
conversion	 using	 a	 seeded	 growth	 procedure.	 However,	 this	
approach	 yielded	 materials	 with	 a	 hydrophilic	 surface	 and	 a	
different	 distribution	 and	 location	 of	 Sn	 sites,	 as	 revealed	 by	
FTIR	 of	 adsorbed	 CD3CN,	 which	 resulted	 in	 lower	 catalytic	
activity	 in	 glucose	 isomerization.	 Several	 approaches	 have	
been	proposed	for	the	preparation	of	Sn-BEA	by	post-synthesis	
modification8,16-21.	 All	 these	 approaches	 are	 based	 on	 the	
incorporation	 of	 Sn	 into	 the	 defects	 created	 in	 the	 BEA	
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structure	 during	 a	 preceding	 dealumination	 procedure.	 The	
incorporation	 procedures	 reported	 include	 grafting	 by	
chemical	vapour	deposition	using	tin	chloride	vapour19,20,	solid	
state	 ion	 exchange	with	 tin	 acetate16,	 dry	 impregnation	with	
organometallic	 dimethyltin	 dichloride8	 and	 solution	 based	
methods21.	 Condensation	 of	 various	 tin	 sources	 with	 silanol	
defects	yields	the	tetrahedraly	coordinated	tin	sites.	The	post-
synthesis	procedures	usually	require	significantly	less	synthesis	
time	 and	 produce	 no	 toxic	 waste	 in	 comparison	 to	 the	
benchmark	 process.	 Besides	 that,	 application	 of	 these	
procedures	 allows	 for	 the	 synthesis	 of	materials	with	 smaller	
crystal	size	and	higher	tin	content26.	However,	due	to	the	low	
mobility	 of	 tin	 sources	 used	 in	 the	 syntheses	 and	 the	 lack	 of	
the	 ability	 to	 control	 the	 type	 and	 the	 amount	 of	 defects	
generated	 by	 the	 dealumination	 process,	 these	 methods	
usually	 lead	 to	 inhomogeneous	and	 incomplete	 incorporation	
of	 Sn	 into	 the	 framework	 and	 different	 Sn	 environment	with	
respect	 to	 benchmark	 Sn-BEA	 materials.	 Furthermore,	 the	
large	 amount	 of	 defects	 formed	 during	 the	 dealumination	
procedure	makes	the	surface	hydrophilic,	which	is	undesired	in	
some	 industrial	 applications.	 Therefore	 the	 improvement	 of	
Sn-BEA	synthesis	and	its	acceleration	still	remains	a	challenge.	
Retardation	of	zeolite	synthesis	in	fluoride	media,	compared	to	
hydroxide	media,	 and	 formation	 of	 larger	 zeolite	 crystals	 are	
usually	explained	by	a	lower	degree	of	saturation,	which	limits	
nucleation	 at	 the	 initial	 steps	 of	 the	 synthesis27.	 Variation	 of	
water	 content	 in	 the	 synthesis	 mixture	 has	 been	 repeatedly	
demonstrated	 as	 an	 important	 parameter,	 affecting	 the	
crystallization	 rate	 as	 well	 as	 crystal	 size	 and	morphology	 of	
the	 final	 product28-30.	 Thus,	 in	 the	 case	 of	 Al-containing	 BEA	
zeolites	 the	 crystallization	 time	was	 shown	 to	 decrease	 two-
fold	by	decreasing	the	H2O/SiO2	ratio	in	the	reaction	mixture
29.	
This	 approach	 has	 additionally	 been	 used	 for	 decreasing	 the	
crystal	 size30	 and	 regulation	 of	 phase	 selectivity	 of	 zeolite	
synthesis	in	fluoride	media31.	
In	 this	 study	 the	 saturation	 degree	 in	 Sn-BEA	 reaction	 gel	
mixtures	with	different	Si/Sn	ratios	 is	explored	by	varying	the	
water	 content.	 Results	 show	 that	 the	 crystallization	 kinetics	
strongly	 depends	 on	 the	 water	 content	 and	 that	 the	
crystallization	 time	 can	 be	 reduced	 several-fold	 by	 lowering	
the	 water	 content.	 Products	 obtained	 via	 this	 accelerated	
synthetic	 route	 have	 similar	 Sn-sites	 as	 confirmed	 by	 119Sn	
MAS	NMR.		
2.	Experimental	
2.1.	Synthesis	of	Sn-BEA	
In	 a	 typical	 synthesis	 tetraethyl	 orthosilicate,	 TEOS	 (REAKOR,	
98	wt.	%)	and	tetraethylammonium	hydroxide,	TEAOH	(Sigma	
Aldrich,	35	wt.	%	aqueous		solution)	were	mixed	and	stirred	on	
a	magnetic	stirrer	until	a	clear	solution	was	obtained.	Then	an	
aqueous	solution	of	tin(IV)chloride	(SnCl4·5H2O,	Sigma	Aldrich,	
99.9	 %)	 was	 added	 dropwise	 to	 the	 template	 and	 silica	
solution.	 The	 mixture	 was	 stirred	 until	 the	 ethanol	 obtained	
during	TEOS	hydrolysis	had	completely	evaporated	(measured	
gravimetrically).	 Finally,	 hydrofluoric	 acid	 (Fluka,	 40	 wt.	 %	
aqueous	solution)	was	added	and	the	gel	was	homogenized	by	
mechanical	 mixing.	 The	 crystallization	 was	 studied	 for	 five	
series	of	gels	containing	1.0	SiO2	:	0.27	TEA2O	:	x	SnO2	:	0.54	HF	
:	y	H2O,	for	which	y	was	fixed	to		5.6,	6.8	and	7.7	at	x	=	0.005	
and	to	5.6	and	6.8	at	x	=	0.010.	After	preparation	the	gels	were	
transferred	 into	Teflon-lined	autoclaves	 that	were	placed	 in	a	
preheated	oven	and	kept	in	a	preheated	oven	at	140oC	for	0.5	
–	 60	 days.	 Finally,	 the	 solid	 products	 were	 recovered	 by	
filtration,	washed	and	dried	at	60oC	overnight	and	calcined	in	a	
flow	of	air	at	550oC	for	6	hours.	For	119Sn	MAS	NMR	studies	the	
samples	were	dehydrated	at	250oC	under	vacuum	conditions.	
2.2.	Characterization	
The	 structure,	 morphology	 and	 texture	 of	 the	 intermediate	
and	 final	 products	 were	 studied	 by	 X-ray	 diffraction	 (XRD),	
Fourier-transform	 infrared	 spectra	 (FTIR),	 scanning	 electron	
microscopy	(SEM),	and	N2-adsorption/desorption.	XRD	analysis	
was	carried	out	on	a	D2	PHASER	(Bruker)	diffractometer,	in	the	
range	 of	 2θ	 =	 5	 –	 50o	 using	 filtered	 CuKα	 radiation.	 FTIR	
spectra	were	measured	on	a	Nicolet	600	spectrometer	 in	 the	
spectral	region	of	4000	–	400	cm-1.		SEM	images	were	obtained	
with	 a	 scanning	 electron	microscope	 LEO	 EVO	 50XVP	 (Zeiss),	
equipped	with	an	energy	dispersive	analyser	INCA-energy	450	
(Oxford	 Instruments).	 N2-adsorption/desorption	 was	 carried	
out	on	outgassed	samples	using	an	ASAP-2000	(Micromeritics)	
instrument.	 The	 elemental	 analysis	 of	 the	 samples	 was	
performed	 using	 X-ray	 fluorescence	 (XRF)	 techniques	 over	
Axios	MAX	Advanced	spectrometer	(PANalytical),	operating	at	
4	 kV	 and	 using	 a	 Rh-tube.	 The	 mass	 fraction	 of	 Sn	 in	 the	
samples	was	determined	relatively	to	the	standard	Sn(0.94%)-
BEA,	 which	 was	 prepared	 by	 incipient	 wetness	 impregnation	
on	 the	 zeolite	 BEA	 using	 a	 SnCl4·5H2O	 solution.	 The	 local	
structure	and	the	environment	of	Sn-sites	were	investigated	by	
UV-Vis	 and	 MAS	 NMR.	 Diffuse	 reflectance	 UV-Vis	 spectra	
(DRUV)	 were	 recorded	 on	 Evolution	 600	 spectrometer	 using	
BaSO4	 as	 reference	 standard	 in	 the	 spectral	 region	 of	 190	 –	
320	nm.	For	graphical	representation	Kubelka-Munk	units	was	
used.	MAS	NMR	spectra	were	 recorded	on	an	AVANCE-II	400	
(BRUKER)	spectrometer	with	a	magnetic	field	of	9.4	T.	29Si,	19F	
and	 119Sn	 chemical	 shifts	 were	 referred	 to	 Si(CH3)4,	 C6F6	 and	
Sn(CH3)4,	 respectively.	
19F	MAS	NMR	 spectra	were	 registered	
using	 a	 single-pulse	 sequence	 (90°-pulse).	 29Si	 CP/MAS	 NMR	
spectra	 were	 recorded	 using	 pulse	 sequence	 with	 the	
polarization	 transfer	 from	 protons	 to	 silicon	 (1H-29Si	 cross-
polarization).	 For	 the	 registration	 of	 119Sn	MAS	 NMR	 spectra	
the	 specific	 pulse	 sequence	 based	 on	 CPMG	 echo	 train	
acquisition	 (119Sn	 CPMG/MAS	 NMR)	 described	 in32	 was	
applied.	
3.	Results	and	discussion	
3.1.	Effect	of	water	content	in	the	gel	on	the	crystallization	
kinetics	of	SnBEA	materials	
The	 crystallization	 kinetics	 has	 been	 studied	 for	 samples	
prepared	with	 Si/Sn	 ratios	 of	 200	 (Sn-BEA/200)	 and	 100	 (Sn-
BEA/100),	 corresponding	 to	 a	 tin	 content	 of	 1	 and	 2	 wt.	 %,	
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respectively.	In	the	case	of	Sn-BEA/200	samples,	the	H2O/SiO2	
ratio	 in	 the	 gel	was	 kept	 at	 5.6,	 6.8	 and	7.5,	whereas	 for	 Sn-
BEA/100	 the	 ratio	 was	 fixed	 to	 5.6	 or	 6.8	 (Table	 1).	 All	 the	
other	synthesis	parameters	were	the	same	as	described	in	the	
experimental	 part.	 The	 crystallization	 time	was	 varied	 within	
0.5	–	60	days	as	shown	in	Table	1.	The	intermediate	and	final	
products	 obtained	 were	 investigated	 using	 XRD,	 FTIR,	 XRF,	
SEM,	 MAS	 NMR	 spectroscopy	 and	 nitrogen	
adsorption/desorption	techniques.		
Table	1.	Products	obtained	from	synthesis	gel	with	molar	composition:	1.0	SiO2	:	0.27	
TEA2O	:	x	SnO2	:	0.54	HF	:	y	H2O.	
Series	 x	 y	 Crystallization	time,	days	
1	 0.005	 5.6	 0.5,	1.5,	4,	7,	10	
2	 0.005	 6.8	 0.5,	1.5,	4,	7,	10	
3	 0.005	 7.5	 1.5,	4,	7,	10	
4	 0.010	 5.6	 2,	4,	10,	12,	16	
5	 0.010	 6.8	 2,	4,	10,	30	,40,	60	
	
The	 results	 of	 XRD	 and	 FTIR	 measurements	 of	 the	 solid	
products	are	presented	in	Fig.	1	and	Table	2	for	the	series	Sn-
BEA/200	 (H2O/SiO2	 =	 6.8).	 The	 data	 obtained	 for	 the	 other	
series	can	be	found	in	the	Supporting	information	(Fig.	S1	and	
S2).		
Table	 2.	 Characteristics	 of	 the	 intermediate	 and	 final	 products	 obtained	 in	 series	 Sn-
BEA/200	(H2O/SiO2	=6.8).	
Crystallization	
time,	days 
Si/Sn	in	final	
product
a
 
Crystal-
linity,	%
b
 
Vtotal
c
 Vmicro
c
 
Average	
crystal	
size,	μm
d
 
a/b 
0.5 206 0 0.607 0.124 	-	 - 
1.5 207 13 0.461 0.138 	4.0 1.5 
4 200 42 0.335 0.162 	6.5 1.5 
7 205 100 0.267 0.199 	7.5	 1.5 
10 199 99 0.237 0.198 8.5 1.5 
aaccording	to	XRF	analysis;	baccording	to	XRD;	cmeasured	by	low-temperature	N2	
adsorption;	dmeasured	by	SEM	(see	Fig.	5)).	The	crystal	size	is	listed	as	an	average	
of	a	minimum	of	10	crystalsd.	
	
Fig.	1.	XRD	patterns	(a)	and		FTIR	spectra	in	the	double-ring	region	(b)	obtained	during	
crystallization	of	Sn-BEA/200	(H2O/SiO2	=	6.8)	samples.	
At	 the	 initial	 phase	 of	 the	 synthesis	 (after	 0.5	 days)	 only	 an	
amorphous	 phase	 is	 observed	 (Fig.	 1a).	 The	 FTIR	 spectrum	
shows	 a	 small	 band	 at	 ca.	 570	 cm-1,	 corresponding	 to	 D4R	
(four-membered	double-ring)33,	which	points	to	the	formation	
of	secondary	building	units	in	the	solid	part	of	the	gel,	possibly	
due	to	the	nucleation	of	zeolite.		
After	 an	 increase	 in	 crystallization	 time	 the	 intensity	 of	 570	
cm–1	band	increases	and	the	appearance	of	other	bands	typical	
for	 zeolite	 BEA	 at	 ca.	 520	 and	 620	 cm-1	 also	 become	 visible.	
The	 formation	 of	 zeolite	 BEA	 is	 confirmed	 by	 XRD,	 showing	
typical	 reflections	 of	 BEA	 structure34	 after	 1.5	 days	 of	
crystallization.	 After	 7	 days	 of	 synthesis	 a	 fully	 crystalline	
zeolite	sample	is	obtained	as	confirmed	by	both	XRD	and	FTIR	
data.	 Further	 increase	 in	 crystallization	 time	does	not	 lead	 to	
any	 significant	 changes	 in	 the	 XRD	pattern	 or	 FTIR	 spectrum.	
The	asymmetry	of	the	peak	in	the	range	of	2θ	=	7◦–9◦	indicates	
a	slightly	uneven	distribution	between	polymorphs	A	and	B	of	
the	 BEA	 structure35.	 To	 quantify	 the	 crystallinity	 the	 narrow	
diffraction	peak	 centered	at	22.35°	 (hkl	 index	330)	was	used,	
sample	 Sn-BEA/100	 (H2O/SiO2	 =	 6.8)	 crystallized	 for	 60	 days	
was	considered	as	100%	crystalline.	The	results	are	presented	
in	Table	2.	
Changes	 in	 the	 local	 structure	 of	 the	 different	 nuclei	 during	
crystallization	 were	 studied	 by	 MAS	 NMR.	 Fig.	 2	 shows	 the	
development	of	 19F	MAS	NMR	and	 29Si	 CP/MAS	NMR	spectra	
of	 the	 samples	with	 increasing	 crystallization	 time.	 Two	main	
signals	are	observed	in	the	19F	NMR	spectra	at	ca.	-59	and	-70	
ppm.	These	features	correspond	to	fluorine	atoms	in	two	non-
equivalent	 [SiO4/2F]
-	 configurations	 in	 as-synthesized	 Sn-BEA	
samples,	 where	 the	 negative	 charge	 can	 be	 balanced	 by	 the	
structure	 directing	 agent35.	 The	 intensity	 of	 the	 NMR	 lines	
correlates	with	the	intensity	of	XRD	reflections	suggesting	that	
[SiO4/2F]
-	units	are	only	 formed	 in	 the	crystalline	 fragments	of	
zeolite	BEA.	
29Si	 CP/MAS	NMR	 spectra	 show	 at	 least	 five	 different	 signals	
corresponding	to	Si	atoms	in	different	local	surroundings.	The	
first	 group	 of	 signals	 in	 the	 range	 δ = -100	 –	 -103	 ppm	
corresponds	 to	 Q3-Si	 species	 mainly	 associated	 with	 the	
amorphous	phase,	whereas	the	second	group	of	NMR	lines	 in	
the	 range	 of	 δ = -105	 –	 -117	 can	 be	 attributed	 to	 Q4-Si	
in crystalline	and	pre-crystalline	BEA	phase.	
	
Fig.	2.	Effect	of	crystallization	time	on	the	local	structure	of	F	and	Si	atoms	studied	by	
19F	MAS	NMR	(a)		and	29Si	CP/MAS	(b)	for	a	Sn-BEA/200	(H2O/SiO2	=	6.8)	samples.	
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As	 the	 crystallinity	 of	 Sn-BEA	 increases,	 the	 signal	 features	
become	more	 defined	 in	 the	 region	 of	 δ = -105	 –	 -117	 ppm.	
The	 increase	of	 the	 intensity	of	 the	NMR	 lines	 corresponding	
to	 Q4-Si	 species	 is	 in	 line	 with	 the	 increase	 of	 crystallinity	
determined	by	XRD	(Table	2).	 It	 is	 important	 to	note	 that	 the	
Q4-signal	 in	 29Si	CP/MAS	NMR	appears	 immediately	 after	 the	
beginning	of	 crystallization.	 It	means	 that	 Si(OSi)4-species	 are	
already	present	 in	the	 initial	gel.	This	 is	most	probably	due	to	
non-alkaline	 media	 and	 the	 low	 amount	 of	 water	 in	 the	
reaction	mixture	compared	to	other	zeolite	syntheses.	
The	 effect	 of	 water	 content	 in	 the	 initial	 gel	 on	 the	
crystallization	kinetics	 is	 shown	 in	Figs.	3	and	4	 for	 the	 series	
with	low	and	high	tin	content,	respectively.	In	both	cases,	the	
decrease	 of	 H2O/SiO2	 ratio	 leads	 to	 an	 acceleration	 of	 the	
crystallization	process.	For	gels	with	Si/Sn=200	the	decrease	of	
H2O/SiO2	 ratio	 from	 7.5	 to	 5.6	 results	 in	 a	 decrease	 of	 the	
synthesis	 time	 from	 10	 to	 4	 days	 (Fig.	 3).	 In	 the	 case	 of	 gels	
with	 Si/Sn=100	 a	 four-fold	 reduction	 of	 crystallization	 time	 is	
achieved	by	decreasing	the	H2O/SiO2	ratio	from	6.8	to	5.6	(Fig.	
4).	One	may	suppose	that	further	decrease	of	H2O/SiO2	ratio	in	
the	 reaction	 mixture	 would	 lead	 to	 further	 lowering	 of	
synthesis	times.	However,	further	decrease	of	water	content	in	
the	synthesis	gel	leads	to	an	increase	in	viscosity	of	the	gel	to	a	
point	where	it	is	difficult	to	homogenize	by	mechanical	stirring.	
Mixing	 during	 the	 dissolution	 of	 tin	 is	 important	 in	 order	 to	
avoid	inhomogeneities	and	formation	of	tin	oxide	species.	As	a	
result,	 it	was	not	possible	 to	obtain	gels	with	 lower	H2O/SiO2	
ratio	than	5.6.	
The	comparison	of	the	kinetic	curves	obtained	for	the	samples	
with	different	Sn	content	in	the	gel	at	the	same	H2O/SiO2	ratio	
of	6.8	(Figs.	3,	4)	points	to	the	significant	increase	of	synthesis	
time	 for	 the	 sample	 with	 higher	 tin	 content.	 Thus,	 the	 time	
required	to	reach	complete	crystallization	in	the	case	of	Si/Sn	=	
100	is	60	days,	whereas	for	Si/Sn	=	200	only	7	days	are	needed,	
which	is	in	good	agreement	with	earlier	data1.		
During	 the	hydrothermal	 synthesis	of	 Sn-BEA,	 tin	atoms	have	
been	shown	to	form	a	tin-rich	“shell”	within	the	Sn-Beta	crystal	
which	 was	 found	 to	 appear	 even	 at	 the	 early	 stages	 of	
crystallization1.	During	crystallization	an	increase	in	crystal	size	
was	 observed	 together	 with	 an	 expansion	 of	 the	 enriched	
shell.	At	the	same	time	the	tin-depleted	centre	of	the	crystals	
also	grew.	These	two	observations	point	towards	a	dissolution-
reinsertion	 of	 tin	 into	 the	 framework	 that	 limits	 the	
crystallization	 of	 Sn-BEA.	 The	 decrease	 in	 crystallization	 time	
with	the	change	in	water	content	shown	in	Fig.	3	and	4	imply	
that	the	dissolution-reinsertion	mechanism	is	also	affected	by	
the	saturation	degree	in	the	gel.	
The	analysis	of	 the	chemical	 composition	of	 the	 intermediate	
and	 final	 products	 of	 crystallization	 (Tables	 2	 and	 3)	 show	
equal	 tin	 contents	 in	 the	 solid	 products,	 which	 does	 not	
change	 with	 crystallization	 time	 and	 corresponds	 to	 nominal	
values.	 The	 conclusion	 is	 that	 all	 tin	 is	 present	 in	 the	 solid	
product.	 However,	 all	 the	 tin	 is	 not	 incorporated	 into	 the	
zeolite	 framework	 in	 samples	with	 incomplete	 crystallization.	
Instead	the	tin	is	present	as	small	tin	oxide	particles,	which	can	
be	seen	as	bright	spots	in	the	SEM	images	of	the	intermediate	
products	(Fig.	5).	These	bright	spots	were	analysed	previously	
using	 backscattered	 electron	 images1,	 which	 confirmed	 the	
presence	of	tin	oxide	nanoparticles	on	the	surface.			
3.2.	Effect	of	water	content	in	the	gel	on	the	morphology	and	
texture	of	SnBEA	materials	
The	results	on	the	changes	in	crystal	size	and	morphology	with	
crystallization	time	are	presented	in	Fig.	5	and	Table	2	for	the	
series	 Sn-BEA/200	 (H2O/SiO2	 =	 6.8).	 The	 SEM	 images	 show	 a	
gradual	 increase	 of	 the	 average	 crystal	 size	 from	 4	 to	 8	 µm	
with	 crystallization	 time,	 whereas	 the	 morphology	 of	 the	
crystals	 does	 not	 change.	 The	 aspect	 ratio	 between	 the	
pyramidal	 side	 (a)	and	 the	plateau	 (b)	of	 the	crystals	 remains	
constant	 ~1.5	 over	 time,	 suggesting	 that	 these	 faces	 grow	
simultaneously.	 The	 same	 trend	 is	 apparent	 for	 the	 other	
series	of	samples.	Thus,	the	results	confirm	that	the	nucleation	
occurs	rather	fast	at	the	initial	steps	of	the	synthesis,	which	is	
in	line	with	crystallization	kinetics	shown	in	Figs.	3	and	4.	
The	 effect	 of	 water	 content	 in	 the	 gel	 on	 the	 crystal	
morphology	and	size	is	shown	in	Table	3	and	Fig.	6.	In	general,	
an	increase	in	the	water	content	leads	to	larger	crystals	due	to	
lower	number	of	nucleation	sites.	For	Sn-BEA	with	Si/Sn	=	200	
the	crystal	size	increases	from	3	to	12	μm	with	the	increase	of	
H2O/SiO2	 ratio	 from	 5.6	 to	 7.5.	 In	 the	 case	 of	 Si/Sn	 =	 100	
samples	 the	 effect	 is	 less	 pronounced,	 probably	 due	 to	 the	
effect	 of	 large	 amounts	 of	 Sn	 on	 the	 nucleation	 and	 crystal	
growth	kinetics.	
	
Fig.	3.	Crystallization	kinetics	of	Si/Sn	=	200	gels	with	different	water	content	studied	by	
XRD.	
	
Fig.	4.	Crystallization	kinetics	of	Si/Sn	=	100	gels	with	different	water	content	studied	by	
XRD.	 	
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Fig.	5.	SEM	images	of	Sn-BEA/200	samples	(H2O/SiO2	=	6.8)	crystallized	for	0.5	(a),	1.5	(b),	4	(c),	7	(d)	and	10	(e)	days.	The	aspect	ratio	of	Sn-BEA	crystal	is	schematically	illustrated	
to	explain	signatures	“a”	and	“b”	(f).	
	
Fig.	6.	Effect	of	water	content	in	the	gel	on	the	morphology	of	the	final	products	for	Si/Sn	=	200	(H2O/SiO2	=	5.6	(a),	H2O/SiO2	=	6.8	(b),	H2O/SiO2	=	7.5	(c)),	and	for	Si/Sn	=	100	
(H2O/SiO2	=	5.6	(d)	and	H2O/SiO2	=	6.8	(e))	series.	
Similar	 to	 earlier	 reports	 the	 aspect	 ratio	 is	 strongly	 affected	
by	 the	 Si/Sn	 ratio1.	As	 the	 Si/Sn	decreases	 the	 ratio	 between	
the	pyramidal	side	and	the	plateau	(a/b	ratio)	becomes	smaller	
(Table	3),	which	again	points	to	the	effect	of	Sn	on	the	growth	
kinetics.	 Additionally,	 it	 indicates	 that	 growth	 in	 the	 plateau	
direction	is	affected	to	a	greater	extent	by	the	presence	of	Sn	
in	the	gel.	
The	textural	properties	of	the	intermediate	and	final	products	
were	 studied	 by	 N2-adsorption/desorption.	 The	 isotherms	 of	
the	samples	obtained	during	the	 initial	steps	of	crystallization	
correspond	 to	 the	 amorphous	 products	 (Fig.	 7a)	with	 a	 large	
contribution	 of	 mesopores	 (Fig.	 7b).	 It	 should	 be	 mentioned	
that	 the	 initial	 products	 also	 contain	 some	 amount	 of	 micro	
pores,	 which	 is	 an	 effect	 of	 fluoride	 ions36.	 As	 the	
crystallization	time	increases,	the	micropore	volume	increases	
and	 after	 complete	 crystallization	 the	 mesopores	 completely	
disappear.	 At	 this	 point	 the	 micropore	 volume	 also	 reach	 a	
plateau	at	the	value	of	V	=	0.2	cm3/g	(Fig.	7b)	as	expected	for	
BEA	zeolites.		
A	 comparison	 of	 the	 textural	 characteristics	 for	 the	 fully	
crystalline	 materials	 in	 the	 different	 series	 show	 similar	
numbers	 (Table	 3).	 All	 the	 final	 products	 show	 micropore	
volumes	 close	 to	 0.2	 cm3/g,	 and	 total	 pore	 volumes	 in	 the	
range	 of	 0.24	 -	 0.27	 cm3/g.	 The	 variation	 of	 water	 or	 tin	
content	 in	 the	 gel	 is	 therefore	 concluded	 not	 to	 affect	 the	
textural	 properties	 of	 the	 materials	 once	 a	 fully	 crystalline	
product	is	obtained.		
Page 5 of 9 N w Jour al of Che istry
N
ew
Jo
ur
na
lo
fC
he
m
is
tr
y
A
cc
ep
te
d
M
an
us
cr
ip
t
Pu
bl
ish
ed
 o
n 
28
 M
ar
ch
 2
01
6.
 D
ow
nl
oa
de
d 
by
 H
al
do
r T
op
so
e A
/S
 o
n 
30
/0
3/
20
16
 1
2:
32
:1
0.
 
View Article Online
DOI: 10.1039/C6NJ00394J
ARTICLE	 Journal	Name	
6 	|	J.	Name.,	2012,	00,	1-3	 This	journal	is	©	The	Royal	Society	of	Chemistry	20xx	
Please	do	not	adjust	margins	
Please	do	not	adjust	margins	
	
Table	3.	Characteristics	of	final	products	obtained	in	the	course	of	Sn-BEA	synthesis	in	various	conditions.		
Series	
Crystallization	
time,	days	
H2O/SiO2	
in	the	gel	
Si/Sn	in	the	
gel	
Si/Sn	in	final	
producta	
Relative	
crystallinity,	%b	
Vtotalc	 Vmicroc	
Average	crystal	
size,	μmd	
a/b	
1	 10	 5.6	 200	 196	 99	 0.238	 0.194	 4.5	 1.4	
2	 10	 6.8	 198	 204	 99	 0.267	 0.200	 8.5	 1.5	
3	 10	 7.5	 202	 212	 97	 0.250	 0.199	 12.0	 1.5	
4	 16	 5.6	 101	 107	 100	 0.259	 0.191	 11.0	 1.2	
5	 60	 6.8	 100	 105	 100	 0.246	 0.198	 11.0	 1.2	
aaccording	to	XRF	analysis;	baccording	to	XRD;	cmeasured	by	low-temperature	N2	adsorption/desorption;	dmeasured	by	SEM.	The	crystal	size	is	listed	as	an	average	of	a	
minimum	of	10	crystalsd	
	
Fig.	 7.	 Nitrogen	 adsorption/desorption	 isotherms	 (a)	 and	 total	 micropore	 and	
mesopore	 volume	 (b)	 in	 the	 Sn-BEA/200	 (H2O/SiO2	 =	 6.8)	 series	 of	 samples.	 Deep	
colour	corresponds	to	micorpore	volume;	pale	–	to	mesppores.	
3.3.	Characterization	of	Sn-sites		
Since	 the	 change	 in	 H2O/SiO2	 ratio	 affects	 the	 crystallization	
kinetics,	 it	 could	 be	 speculated	 that	 Sn	 is	 incorporated	 in	 a	
different	manner,	thus	affecting	the	microenvironment	around	
the	Sn-site.	Such	an	effect	would	alter	the	specific	Lewis	acidic	
properties	of	the	final	materials.		
To	analyze	 the	structure	of	Sn	sites	 in	 the	 final	products,	UV-
Vis	spectroscopy	and	119Sn	CPMG/MAS	NMR	were	applied.	The	
UV-Vis	 spectra	 measured	 on	 fully	 crystalline	 materials	 are	
shown	in	Fig.	S3.	The	results	show	that	the	Sn	environment	in	
the	final	products	 is	not	affected	significantly	by	the	variation	
of	water	content	in	the	starting	gel.	The	largest	fraction	of	Sn	is	
located	in	the	framework	of	Sn-BEA,	as	confirmed	by	the	high	
intensity	 of	 the	 band	 centered	 at	 ca.	 205	 nm.	 In	 comparison	
the	broad	band	centered	at	 ca.	280	nm,	corresponding	 to	 tin	
dioxide	is	not	significant.	
More	detailed	information	was	obtained	from	119Sn	MAS	NMR	
spectra,	 which	 allowed	 distinguishing	 between	 different	 tin	
species	 in	 the	 framework	 (Fig.	 8).	 In	 the	 spectra	 of	 samples	
with	Si/Sn	=	200	only	one	signal	 is	observed	at	ca.	 -445	ppm,	
whereas	in	the	case	of	the	samples	with	Si/Sn	=	100	at	least	3	
signals	 are	 detected	 at	 ca.	 -420,	 -436	 and	 -445	 ppm.	 The	
signals	at	ca.	-445	ppm	and	-420	ppm	were	assigned	previously	
to	“closed”	and	“open”	sites	correspondingly5.	The	signal	at	ca.	
-436	was	also	reported	previously37	but	was	not	assigned.	The	
quantitative	analysis	of	the	spectra	 in	Fig.	8	by	the	procedure	
reported	in32	show	that	the	integral	intensities	of	the	signals	in	
the	case	of	the	samples	with	Si/Sn	=	100	are	two	times	higher		
	
Fig.	8.	119Sn	CPMG/MAS	NMR	spectra	of	Sn-BEA	samples	crystallized	from	the	gels	with	
different	water	and	tin	content:	Si/Sn	=	200	(a),	Si/Sn	=	100	(b).	Red	lines	correspond	to	
H2O/SiO2	ratio	of	5.6,	green	–	6.8	and	blue	–	7.5.	
compared	 to	 Si/Sn	 =	 200	 samples,	 which	 is	 in	 line	 with	
chemical	 composition	 of	 the	 samples	 (Table	 3).	 The	 results	
suggest	 that	 variation	 of	 water	 content	 in	 the	 gel	 does	 not	
affect	the	state	of	tin	in	the	final	products.	
3.4.	Discussion		
The	 investigation	of	 the	 influence	of	water	content	 in	 the	gel	
on	the	crystallization	of	Sn-BEA	points	that	H2O/SiO2	ratio	has	
tremendous	effect	on	the	rate	of	Sn-BEA	synthesis	and	the	size	
of	crystals	formed	but	it	does	not	affect	the	structure,	texture	
and	morphology	 of	 final	 products	 as	well	 as	 tin	 coordination	
and	 environment.	 According	 to	 the	 literature	 data,	 the	
mechanism	 of	 crystallization	 of	 zeolite	 BEA	 in	 fluoride	media	
involves	 the	 following	main	 stages36:	 1)	 formation	 of	 primary	
units;	2)	nucleation	of	zeolite	BEA	within	the	primary	units;	3)	
aggregation	 and	 densification	 of	 the	 nucleated	 primary	
species;	 and	 4)	 crystal	 growth	 followed	 by	 densification	
process.	The	kinetic	curves	presented	in	Figs.	3	and	4	show	no	
induction	period,	which	indicates	that	the	crystallization	is	not	
limited	by	 the	 formation	of	primary	units	and	nucleation,	but	
rather	 by	 the	 aggregation,	 densification	 and	 crystal	 growth.	
The	 comparison	 of	 the	 results	 obtained	 for	 the	 gels	 with	
different	 dilution	 suggest	 that	 the	 decrease	 of	water	 content	
provides	 for	 higher	 degrees	 of	 saturation	 in	 the	 initial	 gel,	
which	 according	 to	 literature	 data	 results	 in	 faster	 and	more	
complete	 aggregation	 of	 primary	 units30,	 higher	 number	 of	
nucleation	 sites	 and	 lower	 amount	 of	 nutrient	 available	 for	
crystal	growth29.	As	a	result,	the	rate	of	crystallization	is	faster	
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in	 the	 case	 of	 concentrated	 gels,	 the	 amount	 of	 crystals	 is	
higher,	whereas	the	size	of	crystals	is	smaller.	
The	 synthetic	 strategy	 proposed	 leads	 to	 the	 following	main	
advantages.	 First	 of	 all,	 synthesis	 in	 concentrated	 gels	 allows	
for	 significant	 decrease	 of	 crystallization	 time	 for	 Sn-BEA	 in	
fluoride	media	both	with	respect	to	direct	synthesis	in	diluted	
gels1	 and	 as	 compared	 with	 seeded	 procedures22-24.	 Besides	
that,	 the	decrease	of	water/silica	 ratio	 leads	 to	 the	 reduction	
of	the	size	of	zeolitic	crystals,	which	is	an	important	advantage	
for	 the	 catalytic	 application	 of	 these	 materials.	 The	 crystals	
show	 capped	 square	 bipyramidal	 morphology	 typical	 for	
zeolite	BEA	 synthesized	 in	 fluoride	media	without	 intergrown	
parts	 and	 large	 crystal	 agglomerates,	 which	 are	 usually	
observed	 for	 the	 materials	 obtained	 by	 seeded	
procedures22,24,25.	 Furthermore,	 the	 synthetic	 strategy	
proposed	 provides	 for	 Sn-BEA	materials	 with	 low	 amount	 of	
structural	 defects	 as	 compared	 to	 materials	 synthesized	 by	
post-synthesis	 modification8,16-21.	 The	 defect-free	 surface	
makes	 the	 material	 strictly	 hydrophobic,	 which	 results	 in	
extremely	 high	 activity	 and	 selectivity	 in	 the	 reactions	
involving	 moieties	 with	 different	 polarities10.	 Finally,	 the	
products	 obtained	 by	 the	 accelerated	 synthetic	 route	 show	
high	 degree	 of	 Sn	 incorporation	 and	 its	 homogeneous	
distribution	in	the	framework	as	confirmed	by	119Sn	MAS	NMR.	
They	 contain	 the	 same	 type	 Sn-sites	 as	 benchmark	 Sn-BEA	
catalysts,	 which	 points	 to	 their	 high	 Lewis	 acidity	 and	
outstanding	catalytic	properties.	
4.	Conclusions	
The	 effect	 of	 water	 content	 in	 the	 gel	 was	 demonstrated	 to	
have	 a	 significant	 effect	 on	 the	 crystallization	 kinetics	 of	 Sn-
BEA	 in	 fluoride	media.	For	Sn-BEA	materials	with	Si/Sn	=	200,	
the	decrease	of	H2O/SiO2	 ratio	 from	7.5	 to	5.6	was	 shown	 to	
reduce	the	crystallization	time	from	10	to	4	days.	In	the	case	of	
SnBEA	with	 Si/Sn	 =	 100	 the	 decrease	 of	 H2O/SiO2	 ratio	 from	
6.8	 to	5.6	allowed	 for	4-fold	 reduction	of	 synthesis	 time.	The	
effect	is	explained	by	the	increased	degree	of	saturation	in	the	
initial	 gel	 with	 low	water	 content,	 which	 leads	 to	 faster	 and	
more	complete	aggregation	of	primary	units,	higher	number	of	
nucleation	sites	and	therefore	smaller	crystal	size.		
The	 analysis	 of	 the	 final	 products	 obtained	 suggests	 that	
although	the	size	of	crystals	is	reduced	due	to	the	decrease	in	
water	content	and	crystallization	time,	the	overall	aspect	ratio	
of	the	capped	bipyramidal	primary	crystals	is	not	affected.	The	
structure	and	porosity	of	the	final	products	is	also	found	to	be	
the	 same.	 	 Furthermore,	 the	 analysis	 of	 Sn	 coordination	 and	
surroundings	in	the	final	products	by	UV-Vis	spectroscopy	and	
119Sn	 CPMG/MAS	 NMR	 showed	 that	 variation	 of	 the	 water	
content	 in	 the	gel	does	not	affect	 the	 state	of	 Sn-sites	 in	 the	
final	products.	On	the	contrary,	the	variation	of	tin	content	in	
the	 gel	 has	 a	 tremendous	 effect	 on	 the	 state	 of	 tin	 in	 the	
framework.	
Overall,	 the	 results	 clearly	 demonstrate	 that	 significant	
improvements	to	the	synthesis	time	of	Sn-BEA	can	be	achieved	
by	 lowering	 the	 H2O/SiO2	 ratio	 without	 compromising	 the	
state	of	tin	in	the	framework.	
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